Direct sampling of human skeletal muscle using the needle biopsy technique can facilitate insight into the biochemical and histological responses resulting from changes in exercise or feeding. However, the muscle biopsy procedure is invasive, and analyses are often expensive, which places pragmatic restraints on sample sizes. The unilateral exercise model can serve to increase statistical power and reduce the time and cost of a study. With this approach, two limbs of a participant are randomized to one of two treatments that can be applied almost concurrently or sequentially depending on the nature of the intervention. Similar to a typical repeated measures design, comparisons are made within participants, which increases statistical power by reducing the amount of between-person variability. A washout period is often unnecessary, reducing the time needed to complete the experiment and the influence of potential confounding variables such as habitual diet, activity, and sleep. Variations of the unilateral exercise model have been employed to investigate the influence of exercise, diet, and the interaction between the two, on a wide range of variables including mitochondrial content, capillary density and skeletal muscle hypertrophy. Like any model, unilateral exercise has some limitations: it cannot be used to study variables that potentially transfer across limbs, and it is generally limited to exercises that can be performed in pairs of treatments. Where appropriate, however, the unilateral exercise model can yield robust, well-controlled investigations of skeletal muscle responses to a wide range of interventions and conditions including exercise, dietary manipulation, and disuse or immobilization.
Introduction
Our understanding of how exercise influences skeletal muscle remodelling at the cellular and molecular levels is largely due to the development of the skeletal muscle biopsy technique, a method that has been in practice for more than 60 years (Bergstrom 1962 , Bergström and Hultman 1967 , Bergström et al. 1967 . Due in part to the financial cost of muscle sample analyses, ethical considerations that limit the number of biopsies from participants, and the need for skilled practitioners to collect the muscle samples, studies employing this invasive procedure often involve small sample sizes designed to detect minimal significant differences. This restriction in sample size often presents a challenge from a research design standpoint since statistical power is partly dependent on the number of participants included in the study. While the sample size cannot always be increased, manipulating the experimental design provides an alternative means to increase the statistical power of an experiment. Crossover designs are often desirable because they provide greater statistical power compared to parallel group designs (Figures 1 and 2 ). This is true even when confounding factors are well controlled in parallel group designs. The use of crossover designs to reduce inter-subject variation in human research D r a f t 4 vs. resistance exercise), variations of a similar protocol (e.g., low-vs. high-load resistance exercise), and various stimuli in reference to a control (e.g., unilateral limb immobilization). The primary purpose of this brief review is to discuss the assumptions, advantages, disadvantages, and applications of the unilateral exercise model in experimental research investigating skeletal muscle adaptive responses to exercise in humans.
Assumptions of the unilateral exercise model
The main assumptions of the unilateral exercise model are that the two limbs of an individual are equally responsive to the potential treatments and that each limb is unaffected by the treatment in the contralateral limb. As long as the limbs of an individual are reasonably well matched at baseline, their responsiveness to a change in contractile pattern or feeding should theoretically be similar. In contrast, the potential for a training response to 'transfer' from one limb to another (e.g., from the training limb to the control limb) seems to depend on the nature of the outcome being investigated.
Comparisons that are made within participants, using the unilateral exercise model, greatly reduce the potential influence of inter-individual differences on the results obtained. Yet, it is possible that baseline differences could influence the magnitude of the responses from each limb. This scenario is unlikely, however, as skeletal muscle biochemical and histological characteristics appear to be similar between limbs, albeit with most data generated from studies of the quadriceps. For example, whole muscle volume (Tesch et al. 2004 , Suetta et al. 2009 ) and cross sectional area (Wilkinson et al. 2006 ), fibre type cross-sectional area (Saltin et al. 1976 , Henriksson 1977 , Essen-Gustavsson and Borges 1986 , Lexell and Taylor 1991 , Verdijk et al. 2007 , Tarnopolsky et al. 2007 ), mitochondrial content, measured via enzyme D r a f t 5 activities and mitochondrial respiration (Saltin et al. 1976 , Essen-Gustavsson and Borges 1986 , Hansen et al. 2005 , MacInnis et al. 2016 , Lindholm et al. 2016 , capillary:fibre ratio (Jensen et al. 2004 ), glycogen content (Hansen et al. 2005) , blood lactate production (Saltin et al. 1976 , Henriksson 1977 , mRNA abundance (Tarnopolsky et al. 2007 , Lindholm et al. 2014 , and signalling protein phosphorylation (Coffey et al. 2010) are similar between legs of an individual at baseline. That variation in resting gene expression was nearly five times greater between individuals than it was between the legs of an individual (Lindholm et al. 2014 ) underscores the potential for the unilateral exercise model to reduce variability. Aerobic capacity (Saltin et al. 1976 , Henriksson 1977 , MacInnis et al. 2016 ) and one-repetition maximum for leg extension (Secher et al. 1988 , Schantz et al. 1989 ) are also similar between legs. Finally, there is little difference in muscle protein turnover rates between different muscle groups in humans despite quite marked differences in fibre types (Mittendorfer et al. 2005) .
Differences in muscular power and strength between left and right legs are seemingly small, but these differences are more pronounced when legs are grouped according to dominance (Newton et al. 2006) . Concerns in this regard are mitigated through the random assignment of limbs, based on dominance, to the two treatment groups. While self-report is likely sufficient for determining handedness, a simple to administer questionnaire (e.g., the Waterloo Footedness Questionnaire -Revised) can help determine a participant's dominant leg (Elias et al. 1998) .
A common criticism of unilateral exercise training is that skeletal muscle adaptations in one limb can transfer to the contralateral limb, invalidating this model. For instance, resistance exercise is known to result in a transient increase in a variety of systemic and purportedly anabolic hormones (i.e., growth hormone, insulin-like growth factor, testosterone) that enter the circulation following exercise (West and Phillips 2012) . The release of these hormones into the D r a f t 6 circulatory system in response to exercise could therefore confound the physiological response of the contralateral limb. This supposition has been challenged, as many studies have shown that the acute systemic elevations in such hormones play little-to-no role in exercise-induced increases in either muscle protein synthesis or skeletal muscle cross sectional area [reviewed elsewhere ]. Similarly, molecules released from skeletal muscle during unilateral exercise (e.g., 'myokines' and 'exerkines') could theoretically influence the contralateral limb (Safdar et al. 2016, Whitham and Febbraio 2016) ; nevertheless, these effects would most likely be small compared to the direct effects of exercise on the muscle.
Biochemical responses to exercise (e.g., protein and/or mRNA abundance) show no measurable signs of transfer between limbs, whereas neuromuscular responses to exercise seemingly do (e.g., motor unit recruitment). An apparent lack of transfer of skeletal muscle adaptations from the exercising limb to the non-exercising limb has been demonstrated for citrate synthase (i.e., mitochondrial content) (Bell et al. 2001 , Lundberg et al. 2013 , Lindholm et al. 2016 ), 3-hydroxyacyl-CoA dehydrogenase (Kiens et al. 1993 , Rud et al. 2012 , Lindholm et al. 2016 , and succinate dehydrogenase maximal activities (Saltin et al. 1976 , Henriksson 1977 , Kiens et al. 1993 , muscle capillarization (Jensen et al. 2004 ), local hemodynamics (Kiens et al. 1993 , Mourtzakis et al. 2004 , Rud et al. 2012 , metabolic adaptations during submaximal exercise (e.g., decreased lactate concentrations and glycogenolysis rates and increased free fatty acid uptake) (Saltin et al. 1976 , Henriksson 1977 , Kiens et al. 1993 , as well as skeletal muscle protein synthesis (Miller et al. 2005 ) and hypertrophy (Houston et al. 1983 , Wilkinson et al. 2006 . In contrast, the cross-education effect (i.e., increased strength in the untrained arm following unilateral resistance training) has been demonstrated numerous times (Carroll et al. 2006 ), although it is likely due to neuromuscular, not biochemical, adaptations (Lee and Carroll D r a f t 7 2007). The influence of the cross-education effect may be minimal when both limbs are being trained within a given intervention (Munn 2004) or the non-dominant arm is being trained (Farthing et al. 2005) .
Advantages of the unilateral exercise model
The unilateral exercise model and crossover design share the same primary advantage compared to parallel group designs: the lack of inter-subject variability reduces the required sample size to obtain adequate statistical power in outcomes of interest ( Figure 2 ). As the unilateral exercise model allows two treatments to be administered almost concurrently, this model provides additional advantages relative to the crossover design. For example, there is no need for a washout period, there is greater control of between-subject confounding factors, and there is often a reduced cost and participant burden.
Washout periods lasting weeks to months are often needed to allow skeletal muscle adaptations to abate after chronic training (Henriksson and Reitman 1977 , Klausen et al. 1981 , Mujika and Padilla 2000 . The unilateral exercise model usually does not require a washout period between treatments, because exercise-specific adaptations generally do not cross over to the untrained limb, enabling treatments to be delivered almost concurrently or at least temporally close to each other. Eliminating washout periods greatly reduces the amount of time needed to perform a study, which likely decreases the normal variability that occurs over time and the likelihood of participant attrition. , which likely has some genetic influence (Bouchard et al. 1999 ). However, further advantages can be gained with the unilateral exercise model because responses to exercise may also be affected by factors such as nutrition, fitness, and sleep (Hawley et al. 2011 , Halson 2014 ).
The nearly concurrent application of treatments would reduce variability stemming from changes in these extraneous factors that could occur during the time between treatments in a crossover design (i.e., during a washout period). Thus, with the unilateral exercise model, greater statistical power would be expected relative to crossover designs because of the reduced influence of confounding factors. Regardless of the experimental design, unilateral training provides a more homogenous aerobic training stimulus than bilateral training: the fraction of each leg's aerobic capacity that is utilized is highly variable during two-leg cycling (i.e., ranging from 58-96%), but it can be controlled during single-leg cycling (McPhee et al. 2009 ).
A major consideration in studies of skeletal muscle physiology is controlling for differences in nutritional status (Hawley et al. 2011) . One of the primary strengths of the unilateral model is that it enables comparisons of different treatments under identical nutritional states. Specifically, if trained on the same day, the pre-exercise nutrition state is highly similar for the two limbs, and the post-exercise provision of nutritional stimuli enters the circulatory system and reaches both limbs simultaneously. For chronic studies, alternating the order of training sessions across days should minimize any effects of delaying nutrient delivery in one limb (Morton et al. 2015) . From a practical perspective, the unilateral exercise model can reduce experimental costs associated with an experiment. Providing food to participants to control diet, especially for extended periods of time, is one or the largest expenses of human trials. With the unilateral exercise model, the reduction in participants and the overlap of the treatments greatly reduces this cost, as well as the effort to prepare and deliver food. Similarly, for an acute trial D r a f t 9 measuring muscle protein synthesis with stable isotope tracers, half the amount of tracer is necessary for unilateral exercise trials compared to crossover designs, providing a significant cost advantage. The decreased number of participants required for unilateral exercise studies generates fewer muscle biopsy samples, reducing the cost and effort of data collection and analysis.
Although it is not an advantage per se, it is important to note that unilateral resistance and aerobic exercise are quite easy, particularly with familiarization, to perform. Resistance exercise training normally consists of both bilateral and unilateral modes. Accordingly, unilateral resistance exercise can be performed using unmodified commercially available equipment (Mitchell et al. 2012 , McGlory et al. 2016 , and minimal training is likely be needed to familiarize most participants with the prescribed unilateral manoeuvres (e.g., single-leg knee extensions or leg press, or single-arm biceps curls). In contrast, aerobic exercise is typically performed bilaterally (e.g., running, cycling, swimming, rowing); therefore, unilateral aerobic exercise can require specialized laboratory equipment and more familiarization than the bilateral alternative. The most common modes of unilateral aerobic exercise are dynamic knee extensions (Andersen et al. 1985) , which require a specialized device, and single-leg cycling (Saltin et al. 1976 , Rud et al. 2012 ), which does not necessarily require a modified cycle ergometer (Dolmage et al. 2014) but requires familiarization. Our research groups have frequently used unilateral modes of exercise to study acute responses (West et al. 2009 , Burd et al. 2010 , 2012 , Churchward-Venne et al. 2012 ) and chronic adaptations (Wilkinson et al. 2006 , Mitchell et al. 2012 , MacInnis et al. 2016 ) to aerobic and resistance exercise.
Although the focus of this review is the utility of the unilateral exercise model for comparing different exercise conditions, unilateral exercise was instrumental for studying factors D r a f t limiting VO 2 max (Davies and Sargeant 1974, Saltin et al. 1976) . Specifically, using the dynamic knee extension model (Andersen et al. 1985) , Andersen and Saltin (1985) demonstrated that skeletal muscle blood flow was greater for unilateral than bilateral aerobic exercise, indicating that the capacity of skeletal muscle to accommodate blood flow exceeded the capacity of the circulatory system to supply it.
Disadvantages and limitations to unilateral exercise models
There are some disadvantages and limitations with the unilateral exercise model. The An obvious limitation to this model is that only two treatments can be compared simultaneously. While many researchers might be interested in comparing more than two treatments, the increased statistical power and the elimination of washout periods could reduce the required sample size and study duration enough to permit multiple studies for a given budget and time allotment. Such a design would still have some statistical superiority over a complete between-subject design since some measures would be within subjects. This does require a nested statistical analysis, however, and recognition that between-subject variation is likely to be greater than within-subject variation. Thus, researchers would have to be careful to pair the protocols such that the most important comparisons are performed within the same individuals.
The use of a unilateral exercise model is limited to those variables that do not transfer from the exercised limb to the contralateral limb. Traits such as muscular strength are not well suited for unilateral exercise training due to the cross-education phenomenon as discussed above.
Additionally, systemic responses to exercise training stimuli cannot be studied with unilateral exercise. For example, unilateral aerobic exercise training is not suitable for comparing the effects of various exercise stimuli on central adaptations (e.g., cardiac output and aerobic capacity) or whole-body glucose homeostasis, variables that are often studied in combination with aspects of skeletal muscle physiology (Gillen et al. 2016 , Baekkerud et al. 2016 ).
Due to bilateral deficits, responses elicited by unilateral and bilateral aerobic and resistance exercise may not necessarily be of the same magnitudes. Central limitations to bilateral aerobic exercise permit greater workloads per leg for unilateral as compared to bilateral cycling (Pernow and Saltin 1971, Klausen et al. 1982) , potentially providing a greater stimulus D r a f t for the muscles when legs are trained separately. For example, when cyclists performed highintensity interval training with one or two legs at the same relative intensity (i.e., maximal maintainable effort for 5-min), skeletal muscle adaptations were greater for single-legged cycling (Abbiss et al. 2011) . Similarly, single-leg cycling was more effective than double-leg cycling for increasing aerobic capacity and peak power output in individuals with chronic obstructive pulmonary disease undergoing supervised training (Dolmage 2008). A bilateral deficit in force production is also apparent with resistance exercise models (Škarabot et al. 2016) ; however, increases in strength, power, and lean body mass following short-term resistance exercise training appear comparable for unilateral and bilateral exercise (McCurdy et al. 2005 , Janzen et al. 2006 , Costa et al. 2015 . More research is needed to understand whether unilateral and bilateral exercise elicit the same acute molecular and metabolic responses when performed at the same absolute and relative intensities. Potential differences in the response to unilateral and bilateral exercise do not invalidate the model: similar adaptations would be expected for unilateral and bilateral exercise when equal work was performed in the same pattern (if possible), and relative differences between unilateral protocols would still likely apply to bilateral exercise.
Applications of unilateral exercise training
In our opinions, the use of unilateral exercise as the training intervention is often advantageous to bilateral exercise because it allows for more efficient experiments (e.g., reduced participants, time, and cost), which is critical for studies collecting skeletal muscle biopsy samples from humans. Thus, the unilateral exercise model has applications in a wide range of experiments, including those examining responses to different exercise protocols, the interaction of exercise and feeding, and the effects of disuse or immobilization.
D r a f t 13
Unilateral exercise can be used to study basic physiological responses to aerobic and resistance exercise as well as the effects of dietary interventions on exercised/trained or rested/untrained muscle. For example, unilateral exercise is well suited to investigate skeletal muscle adaptations to different training programs [e.g., interval vs. continuous exercise (Saltin et al. 1976 , MacInnis et al. 2016 ) and different physiological states [e.g., decreased muscle glycogen availability (Hansen et al. 2005) or increased circulating hormone concentrations (West et al. 2009 ]. Furthermore, dietary stimuli can be delivered in combination with unilateral exercise to investigate their interactive effects. For example, to study how exercise modulates postprandial muscle protein turnover in response to resistance exercise, one limb can be trained and the contralateral limb can remain untrained, with protein provided post-training (Kim et al. 2005 , Wilkinson et al. 2008 , Churchward-Venne et al. 2012 , McGlory et al. 2016 ). This approach has been employed by many researchers to yield informative data relating to how resistance exercise impacts responses to feeding, including the cellular and molecular processes of muscle growth (Mitchell et al. 2012 , Witard et al. 2014 , McGlory et al. 2016 ).
Theoretically, unilateral exercise could improve consistency between acute and chronic studies that compare the same treatments. In many instances, acute responses to two exercise treatments are compared prior to investigating their chronic effects, as has been performed frequently by our research groups when investigating the influence of circulating hormones (West et al. 2009 , resistance exercise load (Mitchell et al. 2012 , Morton et al. 2016 , and carbohydrate availability (Cochran et al. 2010 (Cochran et al. , 2015 . The rationale behind these studies is that acute differences in the molecular response (e.g., gene expression, signalling pathway activation, protein synthesis) were expected to manifest as different training adaptations when performed repeatedly (e.g., protein content, enzyme activity, muscle mass). In many instances, acute trials D r a f t 14 utilize a crossover design because the washout period is relatively short for a single bout of exercise, whereas training studies have a parallel group design because the required washout period would be much too long to make many studies feasible. As discussed above, larger sample sizes are needed for parallel group designs to achieve the same power as crossover designs ( Figure 2) . As crossover designs are relatively difficult to implement for chronic training studies, unilateral exercise could be used for the training study to increase statistical power and provide a greater opportunity to recapitulate results from an acute trial.
Although the primary focus to this point has been on exercise training, a unilateral model of immobilization can also be used to elucidate factors underlying muscle atrophy and deconditioning (Tesch et al. 2004 , Suetta et al. 2009 , Vigelsø et al. 2015a , 2015b , Tesch et al. 2016 ). In these experiments, one limb is immobilized for a period of time using a cast (Farthing et al. 2009 , Suetta et al. 2009 ) or brace (Glover et al. 2008 , Vigelsø et al. 2015b or one leg is unloaded through unilateral lower limb suspension (Tesch et al. 2004 , Tesch et al. 2016 , Lamboley et al. 2016 , Perry et al. 2016 ). For instance, unilateral limb immobilization or unloading has shown that transient periods of disuse result in a profound decrease in muscle size, strength, and cross sectional area as well as the insidious onset of a host of metabolic risk factors (Tesch et al. 2004 , Wall et al. 2013 , Gram et al. 2014 , Vigelsø et al. 2015b . Importantly, many of these adaptations are specific to the immobilized limb. For example, 14 d of single-leg bracing in young men results in a significant decline in isometric torque, thigh cross sectional area, and type I and II cross sectional area in the immobilized limb, with no detectable change in the contralateral limb ( Figure. 3). Moreover, there were no detectable changes in the maximal activities of citrate synthase and beta-hydroxyacyl CoA dehydrogenase in the control leg ( Figure   3 ). Similar results have been found by other groups (Tesch et al. 2004 , Gram et al. 2014 , Vigelsø D r a f t 15 et al. 2015b ). Thus, as opposed to the often-cited criticism that in unilateral immobilization there is increased loading of the non-immobilized limb, we see no evidence of this effect at the phenotypic level. In fact, since a participant typically uses crutches with unilateral immobilization/suspension, the subject's body mass is supported across three, not two, points of contact and so is not a model of increased loading. It may be that unilateral immobilization is a model of global deconditioning. When participants were assessed before and after 12 d of immobilization, reductions in femoral and popliteal arterial compliance and femoral artery diameter were apparent in both the non-immobilized limb but to a much greater extent in the immobilized limb (Rakobowchuk et al. 2011) . Given the lack of change in factors intrinsic to muscle in the non-immobilized control limb (e.g., muscle protein synthesis, cross-sectional area, enzymatic activities), it could be argued that such changes in arterial compliance are of little relevance when assessing histological or biochemical variables; however, whether this assertion would hold true during longer periods of immobilization remains unknown. 
Conclusions
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